The behavioral response to pain is driven by sensory and affective components, each of which is mediated by the CNS. Subjective pain ratings are used as readouts when appraising potential analgesics; however, pain ratings alone cannot enable a characterization of CNS pain circuitry during pain processing or how this circuitry is modulated pharmacologically. Having a more objective readout of potential analgesic effects may allow improved understanding and detection of pharmacological efficacy for pain. The pharmacological/functional magnetic resonance imaging (phMRI/fMRI) methodology can be used to objectively evaluate drug action on the CNS. In this context, we aimed to evaluate two drugs that had been developed as analgesics: one that is efficacious for pain (buprenorphine (BUP)) and one that failed as an analgesic in clinical trials aprepitant (APREP). Using phMRI, we observed that activation induced solely by BUP was present in regions with m-opioid receptors, whereas APREP-induced activation was seen in regions expressing NK 1 receptors. However, significant pharmacological modulation of functional connectivity in pain-processing pathways was only observed following BUP administration. By implementing an evoked pain fMRI paradigm, these drugs could also be differentiated by comparing the respective fMRI signals in CNS circuits mediating sensory and affective components of pain. We report a correlation of functional connectivity and evoked pain fMRI measures with pain ratings as well as peak drug concentration. This investigation demonstrates how CNS-acting drugs can be compared, and how the phMRI/fMRI methodology may be used with conventional measures to better evaluate candidate analgesics in small subject cohorts.
INTRODUCTION
The identification of effective drugs for pain treatment has proven to be extremely difficult (Hewitt et al, 2009; Katz et al, 2008) . It is often the case that pharmacological candidate compounds are efficacious in preclinical pain studies and are progressed to large-scale clinical trials, yet do not show clinical efficacy for pain treatment. Prior to clinical trials involving patients, early clinical evaluation of potential analgesic drugs includes safety and tolerability studies, and pharmacokinetic evaluation in healthy subjects, ideally an assessment of target engagement (eg, receptor occupancy through positron emission tomography (PET) when a suitable radioactive ligand is available), and possibly an exploration of pharmacodynamic effects in experimental pain models. In early experimental pain models and larger scale clinical pain investigations, subjective pain ratings have been typically used as primary behavioral endpoints. Although measurements such as pain rating are critical in evaluating potential analgesics, pain ratings are intrinsically highly variable measures (Lin et al, 2011; Nicholson, 1978; Steingrimsdottir et al, 2004; Victor et al, 2008) and do not facilitate a comprehension of how or whether the CNS pain circuitry (ie, limbic, mesolimbic, or sensorimotor circuits) are pharmacologically modulated. From pain ratings alone, it is not possible to determine whether the mechanisms of action or targets that were linked to producing analgesia in preclinical studies were successfully engaged in the target clinical population. Knowledge of the pharmacological impact on CNS pain systems may facilitate a better understanding between clinically efficacious and nonefficacious drug mechanisms, and doses for pain treatment. Thus, methodology and pharmacodynamic biomarkers that would enable an objective evaluation of drug action on CNS pain systems may be highly valuable.
Previous pharmacological magnetic resonance imaging (phMRI) studies have assessed the feasibility of this technique as a means to define regions of increased activity in the human brain solely owing to drug administration (Becerra et al, 2006; Borras et al, 2004; Leppa et al, 2006 ). Moreover, blood oxygenation level-dependent (BOLD) functional MRI (fMRI) is a method that can be used to probe the CNS circuitry during a painful stimulus and also in the presence of a pharmacological compound (Iannetti et al, 2005; Wise et al, 2002) . Whereas phMRI is in reference to measuring the effects of pharmacological compounds on the resting BOLD signal, fMRI refers to measuring the BOLD signal in response to an evoked stimulation subsequent to drug or placebo administration. Both MRbased methods can be implemented to objectively characterize the neuroanatomical localization of an analgesic effect for a specific pharmacological compound, and used in conjunction with standard clinical methods (ie, subjective pain ratings). This approach may be used for identifying clinically ineffective and effective pharmacology for pain treatment.
Here, drug action on the human CNS pain circuitry was evaluated by using the phMRI and fMRI methodology for two drugs previously appraised as analgesics: a partial m-opioid agonist and k-opioid antagonist, buprenorphine (BUP) (Lutfy and Cowan, 2004) , and a neurokinin-1 (NK 1 ) antagonist, fosaprepitant (Once fosaprepitant (phosphoprodrug) is intravenously administered, it is metabolized into aprepitant (APREP) (also orally active). Following this metabolism, APREP binds to NK 1 receptors.) (Patel and Lindley, 2003) . BUP has FDA approval as an analgesic (Budd, 1981; Christoph et al, 2005; Cowan et al, 1977; Jasinski et al, 1978; Kogel et al, 2005) , however, multiple clinical trials of NK 1 antagonists as analgesics have failed (Goldstein et al, 1997 (Goldstein et al, , 2001 Hill, 2000) . Specifically, APREP failed to demonstrate significant analgesic effects in phase-II clinical trials. BUP and APREP are also ideal comparators given the substantial overlap in the anatomical distribution of their primary target receptors in the brain, whereas their target receptor type and associated cellular mechanisms of action differ. We sought to differentiate the central neurobiological effects of these two compounds with a view to understanding their differential efficacy in pain treatment.
The objectives of the present study were four-fold: (1) To characterize and compare the phMRI infusion responses between BUP and APREP. As a result of the overlap in m-opioid (Greenwald et al, 2003; Zubieta et al, 2000) and NK 1 (Bergstrom et al, 2004; Hietala et al, 2005) receptor distribution, we hypothesized an overlap in phMRI infusion responses between BUP and APREP. (2) To assess whether functional connectivity assessment can quantify how functional interactions in the CNS pain circuitry are altered or preserved for the two pharmacological compounds. We hypothesized that either BUP or APREP could alter functional connectivity in the CNS circuitry involved in the sensory, motivational, and emotional aspects of pain processing in a manner that may provide insights for clinical effects (Bingel et al, 2004; Maihofner et al, 2007; Singer et al, 2004) . (3) To measure BOLD fMRI and pain ratings during noxious heat stimulation, and determine whether and how the central effects of BUP and APREP could be differentiated from neurological and behavioral perspective. (4) To define whether and how phMRI/fMRIbased measures relate to other endpoints such as drug concentrations in plasma and subjective pain ratings.
MATERIALS AND METHODS
Twenty-four healthy, male, right-handed subjects were included in this study (age: 28.0±2.5 years old (mean± SEM)). Intravenous administration of 0.2 mg/70 kg BUP (Reckitt Benckiser Pharmaceuticals) and 96 mg/70 kg APREP (Merck) was investigated. The present study included a distinct 12-subject cohort for each drug investigated. In each study cohort, subjects underwent two scanning sessions on a Siemens 3T Trio machine that were B2 weeks apart, where either placebo (saline solution) or BUP/ APREP (drug plus saline solution) was administered intravenously in each scanning session. A randomized, double-blinded, crossover design was implemented. The subjects in the BUP cohort were previously used to develop the general linear model (GLM) analysis for phMRI infusion data (Pendse et al, 2010b) . One subject in the BUP cohort consumed anti-histamines on an as needed basis; however, all other subjects were on no medications. Subjects reported no history of pain or drug abuse. Each subject gave informed consent prior to entering the study. The McLean Hospital Institutional Review Board approved this investigation.
Subject Preparation
Specific study protocols were implemented for subject preparation; intravenous administration of BUP, APREP, or saline; drug concentration measurements; Quantitative Sensory Testing (QST); imaging data acquisition; and image preprocessing. Details on these procedures have been given under Supplementary Materials and Methods.
Evoked Pain (Heat) Stimulation
Heat fMRI data were collected B35 and B25 min after completion of BUP and APREP administration, respectively. During the fMRI scan, noxious heat stimuli were applied to the dorsum of the subjects' left foot. During the 5 min 10 s fMRI scan, seven heat stimulations were delivered in a 25/15-s off/on cycle. VAS pain ratings were collected continuously throughout the fMRI scan. The mean ± SEM target temperature used during the evoked pain fMRI scan for the BUP and APREP cohorts was 46.88 ± 0.66 1C and 47.80 ± 0.441C, respectively.
Image Analysis
Single-subject GLM (univariate) analysis of phMRI data. All imaging analysis was performed by using the FMRIB Software Library (FSL) (www.fmrib.ox.ac.uk/fsl). To extract neuronal structures possessing a phMRI infusion response to 0.2 mg/70 kg BUP or 96 mg/70 kg APREP, a GLM analysis was performed at the single-subject level. The purpose of the analysis was to determine whether a BOLD response could be captured by phMRI in regions with high densities phMRI and evoked pain fMRI J Upadhyay et al of m-opioid or NK 1 receptors due to 0.2 mg/70 kg BUP or 96 mg/70 kg APREP, respectively. The implemented design matrix comprised several explanatory variables (EVs). The main EV, modeling the effects of intravenous administration of BUP or APREP, consisted of a ramp function that followed the infusion paradigm for each drug. Owing to the long onset of the ramp functions relative to the hemodynamic response function (HRF), neither ramp function was convolved with an HRF. A linear drift term, along with subject-specific white matter, CSF, and head motion time courses, was also included in the design matrix as confound EVs. Furthermore, the time during the phMRI scan at which the BOLD signal was elevated from baseline in response to BUP or APREP could vary depending on structure or subject. To enable a robust and unbiased modeling of the infusion response while capturing this temporal variability, three additional regressors were created and included as covariates in the GLM analysis (Pendse et al, 2010b) . The same BUP and APREP GLM models were utilized to analyze the respective saline data sets.
Single-subject functional connectivity analysis of phMRI data. To determine how BUP and APREP administration affects functional connectivity patterns within the brain circuitry, seed region functional connectivity analysis was performed (Fox and Raichle, 2007) . Each BUP, APREP, and saline infusion data set was band-pass-filtered between 0.01 and 0.1 Hz, thus removing the slow baseline infusion response and high-frequency noise (Cordes et al, 2001) . Seed regions corresponding to the putamen and thalamus (each bilateral) were defined by using the AAL atlas (Tzourio-Mazoyer et al, 2002) . To capture how the functional connectivity among various regions of interest (ROIs) was altered following BUP, APREP, or saline infusion, each data set was temporally segmented into four 5-min time blocks: (i) Min 0-5 (baseline, no drug exposure); (ii) min 5-10 (initial drug exposure); (iii) min 10-15 (intermediate time during phMRI scan); and (iv) min 20-25 (longest drug exposure during phMRI scan). From each 5-min block, subject-specific time courses from the putamen and thalamus were extracted for seed region functional connectivity analysis. These regions were specifically chosen as structures with high densities of m-opioid (Greenwald et al, 2003; Zubieta et al, 2000) and NK 1 (Bergstrom et al, 2004; Hietala et al, 2005) receptors. Furthermore, both structures are intimately involved in the various components of pain processing (sensory, motivational, and emotional) (Bingel et al, 2004; Maihofner et al, 2007; Singer et al, 2004) . The white matter and CSF time courses were also extracted from each subject in each 5-min time interval and used as confound EVs in GLM analysis. Two sets of single-subject, whole-brain and GLM-based functional connectivity analysis were performed using either the putamen or the thalamus time courses.
Single-subject analysis of evoked pain fMRI data. The BOLD response elicited by noxious heat stimulation has been characterized previously as being biphasic, that is, having an early-and late-phase response with respect to the timing of the stimulus (Baliki et al, 2010; Becerra et al, 2001; Eippert et al, 2009; Upadhyay et al, 2010) . Accordingly, the temporal BOLD response to the applied heat stimulus was modeled by using two EVs: a stimulus-locked regressor comprising the individual subject's applied stimulus, and a 12.5-s delayed version of this regressor (for details see Upadhyay et al, 2010) .
Group-level analysis of phMRI and fMRI data. For all group-level image analysis, a mixed-effects (FLAME) paired t-test design was implemented (Woolrich et al, 2004) . Multiple comparison corrections were performed by using a Gaussian mixture modeling (GMM) approach (Pendse et al, 2009) . Details on the GMM analysis and thresholding are provided under Supplementary Materials and Methods. Briefly, 'null' and 'activation/deactivation' distributions were fit to the whole-brain, voxel-wise z-statistic distribution from each group comparison. The threshold selected for each corresponded to an activation/deactivation class posterior probability (PP)40.5; that is, reflecting a higher probability that the supra-threshold voxels belonged to the activation/deactivation vs the null class (Pendse et al, 2009 ). The actual threshold z or p-value may thus differ slightly between data sets, but always reflect a constant PP40.5. Moreover, GMM explicitly models the data as a mixture of 'null' and 'activation' components, and makes inferences with respect to posterior probability of membership in the 'activation' class, thereby avoiding the multiple comparisons problem. Activation maps were also corrected by using Threshold-Free Cluster Enhancement (TFCE) (Smith and Nichols, 2009 ). In ROI summary statistic analyses as well in all non-imaging comparisons (eg, all bar and line graphs) we report two-tailed p-values.
RESULTS
Results for adverse effects, hedonic ratings, physiological measurements, and drug concentrations in plasma have been given in the Supplementary information (see also Supplementary Tables S1 and S2).
Characterization of phMRI Infusion Responses for BUP and APREP
Both BUP and APREP phMRI infusion responses were significantly distinct from the respective saline infusion responses. In Figure 1a and b, the group-level (n ¼ 12) phMRI infusion response for BUP (0.2 mg/70 kg BUP minus saline) is shown, whereas in Figure 1c and d, group-level (n ¼ 12) phMRI infusion responses are shown for APREP (96 mg/70 kg APREP minus saline). Administration of BUP (po0.02, PP40.5) and APREP (po0.05, PP40.5) yielded significant activation in regions with known distributions of m-opioid and NK 1 receptors, respectively. For example, BUP-based activation was bilaterally observed in the striatum (caudate and putamen), thalamus, and anterior cingulate ( Figure 1a ). APREP-based activation likewise was bilaterally observed in the striatum and thalamus ( Figure 1c ). APREP phMRI infusion responses were detected in regions such as the cerebellum and red nucleus, where high densities of NK 1 receptors do not exist. This result is likely a consequence of downstream effects of APREP. In Figure 1b and d, an ROI-level quantification of the responses measured within the putamen and thalamus is given for BUP and APREP, respectively. The putamen and thalamus parameter estimate values (mean ± SEM) for BUP and APREP, as well as the respective saline data sets, were extracted from the anatomically defined putamen or thalamus. Additional quantification of BUP and APREP phMRI infusion responses is provided in Supplementary  Tables S3 and S4 , respectively.
Characterization of BUP and APREP Effects on Functional Connectivity
Sensorimotor circuitry functional connectivity changes. In comparison to the saline condition, several neuronal structures within the sensorimotor circuitry showed significantly decreased functional connectivity with the Figure 2b , baseline parameter estimates were extracted from the pre-infusion period (first 5 min) of the phMRI scan for both the BUP and the respective saline data sets. It is noted that that no significant difference in baseline connectivity of the putamen-thalamus functional interaction was present. Significant changes from putamen-based functional connectivity analysis were not observed in the APREP cohort. To further quantify the difference in functional connectivity of the putamenthalamus interaction across the three conditions (BUP, APREP, and saline), the group (mean±SEM) parameter phMRI and evoked pain fMRI J Upadhyay et al estimates (extracted from the AAL atlas-based definition of the thalamus) are given in Figure 2c . Here it is shown that the BUP treatment condition is significantly decreased from the APREP and saline conditions. The saline condition parameter estimates reported in Figure 2c represent the average parameter estimates from the BUP and APREP subject cohorts (n ¼ 24). Similarly, ROI analysis for other sensorimotor functional connections (eg, putamen-posterior insula connection) were also observed to have a significantly decreased connectivity only between the BUP and saline (p ¼ 0.01) and not between the APREP and saline conditions.
Limbic circuitry functional connectivity changes. Significant decreases (blue-light blue) in limbic system functional connectivity were observed in the BUP as compared with saline condition where the thalamus was used as a seed region (Figure 2d ). The parahippocampus was the only limbic structure that demonstrated a significant increase (depicted in red-yellow) in functional connectivity. Significant functional connectivity changes were not observed within the limbic circuitry under the APREP condition. No significant difference in pre-infusion functional connectivity between the thalamus and the anterior cingulate across the two conditions was detected in the BUP cohort ( Figure 2e ). To further quantify the difference in functional connectivity of the thalamus-anterior cingulate interaction across the three conditions (BUP, APREP, and saline), the group-level parameter estimate values (mean ± SEM) are given in Figure 2f . Here, parameter estimates were extracted from the AAL atlas-based definition of the anterior cingulate. ROI analysis similar to Figure 2f for other limbic functional connections (eg, thalamus-anterior insula connection) also showed significant decreases in connectivity only between the BUP and saline conditions (p ¼ 0.05). A Pearson correlation analysis of the change in thalamusanterior cingulate functional connectivity and change in pain ratings collected during the subsequent noxious heat stimulation between BUP and saline treatment conditions revealed a significant relationship (R ¼ 0.65, p ¼ 0.02), with greater changes in functional connectivity associated with increased changes in pain ratings.
Dependence of functional connectivity changes on BUP concentration in plasma. By using the subject-specific peak BUP concentration values as regressors of interest in grouplevel analysis, we observed a significant relationship between the two measures. Brain regions showing post-BUP vs post-saline functional connectivity changes were also negatively correlated with peak BUP plasma concentration. For the putamen seed, these regions included the postcentral gyrus and the operculum (bilaterally) (Figure 3a) , and for the thalamus seed, the anterior insula and the anterior cingulate (Figure 3b ).
Consistency of BOLD Response and Pain Ratings to Noxious Heat Stimuli
The data from the BUP and APREP cohorts each included n ¼ 12 data sets acquired in the presence of placebo (physiological saline only). (Figure 4a ). Thus, brain regions mediating emotional and motivational components of pain were potentiated by BUP. It is noted that for defaultmode network (DMN) structures such as the anterior/ perigenual and posterior cingulate/precuneus, we observed a change in valence for the BOLD response, with the negative response in the saline condition becoming positive following BUP administration. In contrast to structures within the limbic circuitry and the DMN, structures of the sensory-discriminative or sensorimotor circuits (including mediodorsal/centromedian thalamus, primary/secondary somatosensory cortices, and posterior insula) were observed to have an attenuated late-phase BOLD response to noxious heat subsequent to BUP administration ( Figure 4a ). During pain fMRI scans where BUP was present, plasma BUP concentration was between 0.53±0.03 (blood draw at 45 min) and 0.55±0.03 ng/ml (blood draw at 85 min). Additional quantification of early-and late-phase BOLD responses to noxious heat for the BUP cohort is provided in Supplementary Table S5. 96 mg/70 kg APREP. In comparison to the effects of BUP, the effects of APREP on the BOLD response to noxious heat pain were much less widespread. APREP treatment potentiated the early-and late-phase BOLD response in the limbic circuitry (eg, anterior cingulate, amygdala, and inferior orbital frontal cortex) but also in sensorimotor regions such as the Supplemental motor cortex (Figure 4b ). During pain fMRI scans where APREP was present, the APREP concentration was between 1806.33 ± 169 (blood draw at 40 min) and 1225.17±85 ng/ml (blood draw at 85 min). Additional quantification of early and late phase BOLD responses to noxious heat for the APREP cohort has been given in Supplementary Table S6 .
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VAS Pain Ratings to Noxious Heat Stimuli
In comparison to the saline condition, BUP treatment produced a significant (p ¼ 0.03) group-level decrease in VAS pain ratings to noxious heat, whereas APREP did not (p ¼ 0.70). For the BUP cohort (n ¼ 12) the mean±SEM pain rating was 4.33 ± 0.63 (BUP) and 6.81 ± 0.86 (saline). For the APREP cohort (n ¼ 12) the mean ± SEM pain rating was 6.00±0.93 (APREP) and 6.19±0.72 (saline).
Effect Size Comparison
The effect size of BOLD fMRI and VAS pain rating data was compared within each cohort (drug vs saline) ( Figure 5 ). Effect sizes for BOLD fMRI data were calculated for four ROIs that are known to have a role in pain processing. In each of the comparisons (BUP vs saline and APREP vs saline), BOLD fMRI effect size values were observed to be consistently greater in comparison with VAS pain ratings effect sizes, whereas the greatest effect was consistently observed for the BUP cohort (BUP vs saline; 0.75-1.24). The APREP cohort (APREP vs saline) demonstrated small-tomoderate effects for BOLD fMRI and VAS data (0.07-0.45). The effect sizes for BOLD fMRI data were calculated by using parameter estimates extracted from atlas-defined ROIs rather than from regions of a structure observed to have significant potentiation or attenuation. Thus, statistically insignificant voxels were incorporated in the BOLD fMRI effect size calculation. Even so, the BOLD fMRI effect size was greater than that for VAS pain ratings.
Correlation of BOLD fMRI with VAS Pain Ratings
In the BUP cohort, significant attenuation of the late-phase BOLD response to noxious heat was observed in the somatosensory circuitry (Figure 6a and b) . Specifically, the contralateral primary somatosensory cortex, a structure known to encode pain intensity (Coghill et al, 1999) , showed a significant attenuation of the late-phase BOLD response under BUP treatment. By contrast, the APREP treatment condition did not significantly alter the BOLD response in comparison with the saline condition. For the BUP cohort, a significant correlation (Pearson correlation analysis) between pain ratings and the late-phase BOLD response was measured (Figure 6c ). For BUP, similar correlation patterns in other sensory or sensorimotor structures (eg, bilateral posterior insula: R ¼ 0.62, p ¼ 0.001; bilateral thalamus: R ¼ 0.52, p ¼ 0.009) were also observed. Regions such as the nucleus accumbens, whose early-phase BOLD response was significantly potentiated subsequent to BUP treatment (Figure 4) , were found to have In prior analysis and results, functional connectivity decreases were observed between the putamen and thalamus, and also between the putamen and postcentral gyrus as a result of BUP treatment. (a) Inclusion of peak BUP concentrations in group-level analysis showed that the higher the peak BUP concentration, the lower the functional connectivity (defined by parameter estimates) between the putamen and thalamus or between the putamen and postcentral gyrus. (b) Likewise, previous analysis revealed decreased functional connectivity between the thalamus and anterior insula or between the thalamus and anterior cingulate. Here it was also observed that the higher the peak BUP concentration, the lower the functional connectivity. AU, Arbitrary units.
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Correlation of BOLD fMRI with Drug Concentration in Plasma
The difference in the BOLD response to the noxious heat stimulus between the BUP and saline conditions showed a significant correlation with peak BUP concentration in plasma in the anterior cingulate and prefrontal cortex (Figure 7a ). These colocalized with brain regions that evidenced potentiated responses per se to the stimulus (Figures 4 and 7a) .
Summary of BUP Induced Changes in the CNS Pain Circuitry
From phMRI and fMRI data a number of pharmacodynamic changes were observed in the CNS pain circuitry owing to BUP administration. The following changes were observed in the sensorimotor (Figure 8a ) and limbic ( Figure 8b ) circuitry: (i) Significant phMRI infusion response to BUP; (ii) decreased functional connectivity with the putamen or thalamus; and (iii) attenuation or potentiation of evoked BOLD responses elicited by noxious heat stimulation. Using the Oxford Thalamic Connectivity Probability Atlas (www.fmrib.ox.ac.uk/fsl), the thalamic regions observed to Figure 4 Modulation of BOLD response to noxious heat stimuli in the limbic and sensorimotor circuitry by BUP and APREP. Implementing a two-EV GLM analysis enabled a characterization of the early-and late-phase BOLD responses elicited by noxious heat stimulation. Whereas the early-phase response was locked to the heat stimulus, the late-phase response was delayed by 12.5 s from stimulus onset (Upadhyay et al, 2010) . (a) Group analysis revealed a significant (po0.04, PP40.5) potentiation (BUP4saline) of the early-phase BOLD response in limbic structures owing to BUP administration as well as within the DMN. Significant attenuation (BUP osaline) of the early-phase BOLD response was not observed. BUP yielded a significant (po0.03, PP40.5) group-level potentiation of the late-phase BOLD response to noxious heat in regions such as the dorsal/ventral striatum and amygdala, whereas a significant (po0.02, PP40.5) attenuation of the late-phase BOLD response was identified in sensory and sensorimotor structures such as the primary/ secondary somatosensory and supplemental motor cortices. (b) The two-EV GLM analysis revealed a significant potentiation during the early (po0.05, PP40.5) and late (po0.05, PP40.5) phases of the BOLD response owing to APREP administration. Significant attenuation of early-or late-phase BOLD responses was not observed. The potentiation in the early (a) and late (b) phases was predominately observed in limbic (ie, amygdala, inferior orbital frontal, and subgenual anterior cingulate) and sensorimotor (supplemental motor and supramarginal cortices) structures. In comparison with BUP, the modulatory effects of APREP on the BOLD response to noxious heat stimuli were much less robust.
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DISCUSSION
The current study focused on a phMRI-and fMRI-based comparison of two pharmacological compounds developed as analgesics, where one was successful and the other failed for this indication. This study reports on a number of novel findings, including phMRI of the opioid BUP, phMRI of the NK 1 antagonist APREP, and objectively characterizing effective pharmacology underlying an analgesic effect by using functional connectivity analysis and an evoked pain fMRI. Currently, in preclinical and early-phase clinical analgesic drug development, there is a pressing need for additional tests and tools that help determine which CNS mechanisms of action(s) or targets are best to engage in order to yield effective analgesia. With an improved understanding of these CNS mechanisms of action(s) or targets, the likelihood of identifying clinically effective analgesic drugs may be enhanced. The results of this work suggest that the combination of phMRI and fMRI measures in small cohorts of healthy volunteers may contribute to this end. For therapeutic domains such as pain, there is a pressing need for methodology and biomarkers that are translatable between species and studies. phMRI and fMRI are two methods that may be implemented to obtain translatable biomarkers for pain.
Measurement of phMRI Infusion Responses and Pharmacological Modulation of Functional Connectivity
Previous phMRI studies have assessed the feasibility of implementing BOLD fMRI techniques as a means to define regions of increased activity in the human brain solely due to intravenous administration of a drug (Becerra et al, 2006; Borras et al, 2004; Leppa et al, 2006) . Here, we have extended these approaches and characterized the phMRI infusion responses for a m-opioid receptor partial agonist and an NK 1 receptor antagonist, and found overlap between the two phMRI results as well as with previously reported receptor-occupancy data for each drug (Figure 1 ). For example, Greenwald et al (2003) and Zubieta et al (2000) previously reported high occurrence of BUP-m-opioid receptor binding in regions such as the striatum (caudate/ putamen), thalamus, anterior cingulate, and prefrontal cortex. Likewise, phMRI infusion responses for BUP were also detected in these same structures, and were similar to previous phMRI investigations involving other opioids such as morphine, naloxone, or remifentanil (Becerra et al, 2006; Borras et al, 2004; Leppa et al, 2006) . The two drugs differed more robustly in how functional connectivity was pharmacologically modulated. Only BUP significantly modulated functional connectivity in the CNS circuitry relevant to pain processing (ie, sensorimotor and limbic) (Figure 2) , with changes in these regions also dependent on plasma BUP concentration (Figure 3) . The decreases in functional connectivity are postulated to result Figure 5 Higher effect size values for BOLD fMRI than VAS pain rating data. Effect size values greater than 0.5 were considered to be large effects, whereas values between 0.1 and 0.5 were small-to-moderate effects (Cohen, 1988) . BOLD fMRI effect size values are higher than VAS pain rating effect sizes in each of the comparisons. Whereas the greatest effect for both BOLD fMRI and VAS data was consistently observed for the BUP cohort (BUP vs saline), the APREP cohort (APREP vs saline) demonstrated smallest effects. The blue line demonstrates that the VAS pain rating effect size specific to the BUP cohort was consistently lower than the BOLD fMRI effect sizes for the four ROIs. Figure 6 BOLD fMRI vs VAS pain ratings to differentiate drug effect. (a) BUP attenuated the late-phase BOLD response in the contralateral primary somatosensory cortex elicited by noxious heat stimulation. (b) Parameter estimates were extracted from the contralateral primary somatosensory cortex in order to perform a group comparison. The primary somatosensory cortex was anatomically defined by using the AAL atlas and also based on previous work by Nakamura et al (1998) . Parameter estimates corresponding to the saline condition were pooled together from the BUP and APREP cohorts. No statistical difference in parameter estimate values was detected between the two saline groups. (c) A significant correlation between VAS pain ratings and the late-phase BOLD responses (parameter estimates) from the contralateral primary somatosensory cortex was measured for the BUP cohort.
phMRI and evoked pain fMRI J Upadhyay et al from the disruption of GABA-and glutamate-mediated processes, which are heavily present in the sensorimotor and limbic system circuitry (Fingelkurts et al, 2004) . As with the phMRI infusion responses, the modulation of functional connectivity due to BUP administration is likely to be a combination of pharmacological effects in regions with high densities of m-opioid receptors as well as downstream structures (see Supplementary information for study limitations). Moreover, whether and how a pharmacological compound modulates connectivity in an entire brain system may be important to determine. The latter finding on functional connectivity suggests that, although a novel pharmacological compound reaches specific neuronal targets through a drug-receptor binding, how the drug perturbs functional interactions in the relevant brain circuitry may be important to consider as an additional measure. Such approaches have been reported in animal models to differentiate drug effects (Schwarz et al, 2009) .
The perturbations of functional connectivity in the sensorimotor and limbic circuitry subsequent to BUP administration is salient as these systems mediate distinct yet interrelated components of pain processing. Pain consists of sensory, motivational, and emotional components, each of which contributes to the overall experience of pain. Moreover, there is also an overlap in structures that are part of either the sensorimotor or the limbic circuitry, where a single anatomical structure (ie, insula may be functionally segregated (eg, anterior insulaFemotional processing (Phan et al, 2002) ; posterior insulaFmotor processing (Fink et al, 1997) ). Thus, a substantial pharmacological perturbation of one circuitry system of pain is likely to affect another, yielding a change in the perception of pain. Given the known role of the thalamus and putamen in the sensory and affective components of pain, we used these brain structures as seed regions in functional connectivity analysis. Although seed regions included only the putamen and thalamus, these structures are well connected to other pain-processing structures, as well as other cortical and subcortical structures expressing either m-opioid or NK 1 receptors. Moreover, the pharmacological modulation in functional connectivity by BUP Figure 7 Dependence of BOLD fMRI responses to noxious heat on peak BUP plasma concentration. (a) BUP potentiated the early-phase BOLD response to noxious heat in the anterior cingulate, superior frontal, and inferior orbital frontal cortices. (b) Inclusion of peak BUP concentrations in grouplevel analysis showed that the higher the peak BUP concentration, the higher the BOLD response in the anterior cingulate and frontal cortex regions. Using functional ROIs, parameter estimates were extracted from two regions to further quantify the relationship between the BOLD response and BUP plasma concentration.
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Modulation of Early-and Late-Phase CNS Responses to Evoked Pain by BUP and APREP
Robust modulation of CNS responses to evoked pain by BUP. The implemented fMRI analysis enabled a characterization of the early-and late-phase BOLD responses elicited by noxious heat stimulation. Significant potentiation was observed within limbic or mesolimbic circuits (Figure 4a ), which are known to mediate the emotional, motivational, and attention aspects of pain (Becerra et al, 2001) . This potentiation in regions such as the cingulate cortex was correlated with BUP concentration in plasma (Figure 7) . Specifically, our data show that under the BUP condition, the activity in the DMN, a network consisting of limbic structures (eg, cingulate), is potentiated, or the DMN remains in a more active state in comparison with the saline condition (Figure 4a ). Previous studies have shown that in healthy subjects, the DMN significantly deactivates during sensory processing and focused mental activity (Baliki et al, 2008) . The potentiation of the DMN by BUP may be related to a lack of focused mental activity to the noxious heat stimuli. In the context of chronic pain, the particular modulation of the DMN by BUP is noteworthy given the connectivity changes observed in or with this particular network in diseases such as chronic back pain (Baliki et al, 2008) or fibromyalgia (Napadow et al, 2010) . It is known that limbic structures such as the cingulate, amygdala, ventral/dorsal striatum, or hypothalamus contain high levels of m-opioid receptors and endogenous opioids in both rodents (Mansour et al, 1988) and humans (Greenwald et al, 2007) . Our findings are in accord with preclinical data that clearly show that agonist activity at the m-opioid receptor also in limbic regions yields an inhibition of behavioral responses to noxious stimulation (Manning et al, 1994; Tershner and Helmstetter, 2000; Yaksh and Rudy, 1978) . This investigation in conjunction with previous clinical and preclinical studies suggests that activation of these limbic structures containing m-opioid receptors facilitates analgesia. The agonist effect on the m-opioid system during a painful event has been linked to alterations in the processing of the aversive quality of pain (LaGraize et al, 2006; Zubieta et al, 2001) .
Considering previous investigations involving morphine, also a m-opioid agonist, the potentiation caused by BUP observed in brain stem structures such as the medulla (Figure 4a ) may in part be derived from the pre-and Figure 8 Relationship among phMRI, functional connectivity, and evoked pain fMRI measures. Sensorimotor (a) and limbic (b) circuitry structures were measured to be pharmacologically modulated by BUP from three distinct functional imaging perspectives: phMRI infusion response, functional connectivity, and evoked BOLD response to noxious heat. Functional connectivity and BOLD responses to evoked pain were related to non-imaging-based measured such as pharmacokinetic (C max ) quantities and subjective pain ratings.
phMRI and evoked pain fMRI J Upadhyay et al postsynaptic inhibition of GABA release, which in turn leads to excitatory activity of off cells in such regions (Heinricher et al, 1992; Vaughn et al, 1997) . In rats subjected to morphine administration and noxious stimulation, enhanced off-cell activity occurs simultaneously with suppression of on-cell activity (Heinricher et al, 1994) . Thus, the potentiation in structures that are part of the descending pain circuitry likely contributes to the analgesic effect observed under BUP administration.
Conversely, the evoked BOLD response in structures within sensory-discriminative and sensorimotor circuits was attenuated following BUP treatment (Figure 4a) . Specifically, the somatosensory, posterior insular, supplemental motor, and thalamic regions were observed to have a significant attenuation of the late-phase BOLD response. Preclinical work has shown a suppression of thalamic noiciceptive activity following m-opioid receptor agonist action (Benoist et al, 1983; Yang et al, 1998) . The relationship observed between the attenuation of the BOLD response within sensory-discriminative and sensorimotor structures, and attenuation in pain ratings provides an important link between CNS function and behavioral output ( Figure 6 ).
BUP is a non-selective, centrally acting opioid, with partial agonist activity at the m-and d-opioid receptor site, and antagonist activity at k-opioid receptors (Lutfy et al, 2003) . However, in the context of BUP-induced analgesia, the partial agonist action on m-opioid receptors is believed to have a dominant role (Ide et al, 2004; Lutfy et al, 2003) . Ide et al have shown that BUP-induced analgesia was diminished in heterozygous m-opioid receptor-knockout mice, whereas abolished in the homozygous strain. With regard to d-and k-opioid receptors, the effects of BUP were more associated with reward processes. Given that reward and aversion are integral components of pain (Baliki et al, 2010; Becerra et al, 2001) , and k-opioid receptor agonists produce aversive behaviors (Sante et al, 2000) , the agonist activity at m-and d-opioid receptors in conjunction with antagonist action at k-opioid receptors by BUP collectively contribute to the BOLD fMRI response patterns and the analgesic effect observed in the current study.
Similar attenuation of analgesic effects in m-opioidknockout mice has been observed with other opioids such as morphine (Ide et al, 2004; Sora et al, 2001) . Moreover, as in the current study where phMRI infusion responses were measured in the limbic and mesolimbic circuitry, phMRI studies of morphine yielded similar activation patterns (Becerra et al, 2006) . It is noted that phMRI infusion analysis procedures did vary slightly between the previous and the current study, and may contribute to the differences observed between the two sets of results. Moreover, in a recent study by Khalili-Mahani et al (2011) , increases in cerebral blood flow were observed in the limbic and sensory regions following administration of morphine. This previous finding is also in line with the current phMRI results of BUP.
Effects on early-and late-phase CNS responses to evoked pain by APREP. APREP yielded a subtle yet significant potentiation of early-and late-phase BOLD responses within limbic structures such as the amygdala, middle frontal cortex, and orbital frontal cortex (Figure 4b ). APREP administration did not result in a significant attenuation of early-or late-phase BOLD responses in CNS structures where the sensation of pain is mediated (ie, somatosensory cortex). Preclinical studies have demonstrated that antagonist action on NK 1 receptors attenuated the behavioral response to noxious stimulation (Xu et al, 1992) . Suzuki et al (2003) showed an attenuation of electrophysiological responses to noxious heat in the dorsal horn neurons in NK 1 receptor-knockout mice, whereas Budai et al (2007) reported diminished activity of on-cells in rostral ventral medulla following application of an NK 1 receptor antagonist (L-733,060). The source of potentation in the supraspinal limbic circuitry observed here could arise from the coupling between antagonist action on NK 1 receptors and the 5-HT system (Gobert et al, 2009; Valentino et al, 2003) . One main finding by Valentino et al was a characterization of the 5-HT-driven inhibition of neuronal activity following substance P administration: an effect suppressed by treatment with an NK 1 antagonist (Sendide). Also, the fact that NK 1 receptor as well as substance P activity may be distinct between spinal (dorsal root horn) and supraspinal limbic structures may need to be taken into consideration. Recent preclinical work involving the dorsal root horn and hippocampus demonstrated that noxious stimulation results in an upregulation of NK 1 receptor expression in the dorsal root horn, whereas NK 1 receptor expression was downregulated in the hippocampus (Duric and McCarson, 2007) . Decreased NK 1 receptor expression in limbic structures in chronic pain patients has also been observed (Linnman et al, 2010) . Thus, the disparate NK 1 receptor properties between spinal and supraspinal regions could be offsetting and prohibit an analgesic effect.
Combining BOLD fMRI and Subjective Pain Ratings during Analgesic Evaluation
One important aspect of this investigation was a comparison of effect size between BOLD fMRI and subjective pain rating measures. For this comparison, the effect size for BOLD fMRI was consistently greater, particularly for the BUP cohort ( Figure 5 ). Effect size results suggest a more consistent or less variable imaging-based readout in comparison with subjective pain ratings. Given the intrinsic variability of pain ratings, combining this subjective measure with an objective characterization of CNS pain responses may yield a more comprehensive evaluation of analgesic efficacy. Recent works have demonstrated the difficulty in obtaining and interpreting subjective pain reports from trial to trial (Borsook et al, 2011a,b; Lin et al, 2011; Victor et al, 2008) . Having an objective and translatable biomarker that links to the sensation and perception of pain could be highly useful in, for example, an early-phase clinical study involving a small, yet sufficiently powered subject population. phMRI and fMRI data can supplement VAS pain ratings, and de-risk such highly variable data, prior to embarking on large-scale clinical trials.
CNS circuits mediating pain drive what an individual experiences perceptually as well as what an individual outputs behaviorally (ie, subjective pain ratings). However, pain ratings are accounts specific to what a human experiences during a painful event, whereas the activity in the CNS is likely a more universal measure across mammalian species (eg, rats, non-human primates, and humans), and may yield an objective translatable biomarker for pain. VAS pain ratings alone cannot yield information on the nature of the pain that is experienced: a feature that may be of great importance when characterizing the phenotype of different chronic pain conditions (eg, fibromyalgia, chronic back pain, osteoarthritis, or trigeminal neuralgia) (Woolf, 2010) . Such information could be relevant for determining which mechanism of action would be effective for a particular chronic pain disease.
Application to Drug Development
Typical preclinical and clinical evaluation of potential CNSactive analgesics includes a range of in vitro and in vivo measurements, target engagement (where possible), and behavioral assessments. Nonetheless, even after undergoing such extensive evaluation using these procedures, it is often unknown exactly why a pharmacological compound is effective or not for pain treatment in humans. Determining how a pharmacological compound alters the functionality of the CNS during acute or chronic pain states may provide such indications, or at least provide a signal that can help refine subsequent clinical assessment of the compound. In general, early clinical drug development functional imaging studies in healthy volunteers can provide a potential means to (a) assess the central pharmacodynamic activity of a novel compound and (b) determine the mechanistic engagement by the compound of brain systems linked either to the molecular target or to the target disease state. This would be particularly useful if robust preclinical imaging data could predict with confidence signal changes expected in human subjects. In the case of pain, studies in healthy subjects enable compound activity to be assessed in man with the advantages of a relatively homogeneous sample, ease of recruiting, and the absence of confounding concomitant medications. These conditions are helpful in obtaining a clear, dose-dependent signal that can be of value to inform on dose selection in subsequent trials. However, the degree to which pharmacological effects on relevant brain systems in healthy subjects relate to efficacy in clinical pain conditions remains an open question. The differential findings between the actions of BUP and APREP on functional connectivity and evoked BOLD response in the present study are encouraging in this respect and provide hypotheses to be confirmed if this phMRI/fMRI approach is to be applied prospectively in analgesic drug development. Ongoing and future studies involving both pain imaging and clinical evaluations using additional pharmacological compounds of varying mechanisms known or proposed to have analgesic properties (or not) will help to further address the role of imaging methods in analgesic discovery and development.
In conclusion, phMRI revealed direct effects of both BUP and APREP on the baseline BOLD signal in brain regions consistent with their respective target receptor distributions. However, pharmacological modulation of functional connectivity and attenuation of noxious heat-evoked BOLD responses in the pain-processing pathways were only observed following BUP administration. This investigation demonstrates how CNS-acting drugs can be objectively compared, and how the phMRI/fMRI methodology may be used to complement conventional measures and better evaluate candidate analgesics in small subject cohorts.
